To investigate how tillage intensity modifies the small-scale spatial variability of soil and winter wheat parameters, field trials were conducted on small plots (12 m × 35 m) in three temperate environments in the Swiss midlands: Zollikofen in 1999 (loamy silt soil; Gleyic Cambisol) and Schafisheim in 1999 and in 2000 (sandy loam soil; Orthic Luvisol). Total soil nitrogen (N tot ), total carbon (C tot ) and pH were assessed after harvest. A regular nested grid pattern was applied with sampling intervals of 3 m and 1 m at 0-30 cm on a total of nine no-tillage (NT) and nine conventional tillage (CT) plots. At each grid point, wheat biomass, grain yield, N uptake and grain protein concentration were recorded. Small-scale structural variance of soil N tot , C tot and pH was slightly larger in NT than in CT in the topsoil in the tillage direction of the field. Wheat traits had a slightly greater small-scale variability in NT than in CT. Spatial relationships between soil and crop parameters were rather weak but more pronounced in NT. Our results suggest limited potential for variable-rate application of N fertilizer and lime for NT soils. Moderate nugget variances in soil parameters were usually higher in CT than in NT, suggesting that differences in spatial patterns between the tillage systems might occur at even smaller scales.
Introduction
Tillage is the mechanical manipulation of soil for changing its conditions in order to enhance crop production. Conventional tillage (CT) is based on the plowing tillage system, and combines primary and secondary operations usually performed to prepare a seedbed for a given crop and area [1] . Primary tillage constitutes the first major soil-working operation, and is normally designed to reduce soil strength, cover plant and insect materials, and rearrange soil aggregates (e.g., by moldboard plow, chisel plow, and/or disk plow) whereas, secondary tillage is a group of different operations, Nutrients in residues are mixed mechanically into the soil under CT, whereas in NT mixing depends largely on natural forces such as freezing and thawing, earthworms and other natural types of disturbance [23] . Various changes in soil properties are expected with the abandonment of the plow [22] . Hence, small-scale variability in chemical and physical properties of the soil may be very different between CT and NT.
The tillage intensity under CT may result in more uniform distribution of soil physical properties and soil organic matter in the top soils [23, 24] . However, as the plow incorporates crop residues heterogeneously, the spatial variance in the nutrient contents in the field may be large. Under NT, soil nutrients generally accumulate in the topmost soil layer resulting in decreased available nutrients in lower soil depths [23, 25] .
Due to large soil variability existing even at a small scale within a field, a uniform crop management program over space and time will not allow for the formulation of the most efficient agronomic practices [26] . However, the extent of spatial variability of soil properties is still poorly understood, despite its importance in designing appropriate experimental sampling strategies [27, 28] or at a small field scale [19] . The generally strong influence of the environment on the expression of differences between tillage systems partly explains the often drastically different results among published experiments. Thus, at the field level, predicting the performance of tillage systems remains a difficult task. Moreover, optimal nutrient management practices for wheat production systems under different tillage systems have not yet been fully implemented. Depending on the growing conditions, the tillage system along with site-specific approaches for nutrient management can increase wheat yield, nutrient use efficiency and profitability while decreasing greenhouse gases (GHGs) [29] . Through site specific nutrient management, an opportunity exists to enhance the yield, profitability, and nutrient use efficiency of these systems. Site specific nutrient management captures the spatial and temporal variability in soil fertility in small farms and provides an approach to supply crops with essential nutrients based on a crop's needs, and thus improves the crop yield [30, 31] and nutrient use efficiency [32] .
To fill the knowledge gap on how tillage systems influence the small-scale variability of soil properties and crop yield, field trials were conducted with the objectives of (1) evaluating such spatial variability in small fields under NT and CT, and (2) determining whether there are spatial relationships between soil chemical and crop parameters at small scales.
Materials and Methods

Experimental Site and Weather Conditions
The study was conducted within a tillage experiment in the Swiss midlands, from 1995 to 1999 in Zollikofen (47 • The soil (0-30 cm) at Zollikofen was loamy silt (LSi; 14 % clay, 51 % silt, 35 % sand) classified as Gleyic Cambisol and at the Schafisheim site it was sandy loam (SL; 15 % clay, 35 % silt, 50 % sand) classified as an Orthic Luvisol [33] . At the same depth (0-30 cm), soils at both sites were rich in soil organic matter (SOM) (SOM = 2.7 % in Zollikofen and 3.3 % in Schafisheim) and moderately to slightly acidic (pH (H 2 O) = 5.6 in Zollikofen and 6.3 in Schafisheim).
Long-term climatic data from meteorological stations at Berne-Liebefeld (near Zollikofen) and Buchs-Suhr (near Schafisheim) were obtained from the Swiss Meteorological Institute (SMI, Zurich). The climate is temperate (Cfb according to the Köppen climate classification). During the 20 years prior to the experiments , the average annual mean temperature was 8.7 and 9.2 • C, and the average annual precipitation was 1075 and 1047 mm in Zollikofen and Schafisheim, respectively. During the experimental years, the weather conditions were close to the long-term average, although some deviations occurred. In Schafisheim, the winter in the 1999 growing season was very severe compared to the 20 years prior to the experiments (the annual mean temperature was 7.3 • C, and the average annual precipitation was 1219 mm).
Experimental Design and Field Management Practices
The study was based on a four-field rotation, repeated four-fold in such a way that each member was present annually. The rotation included winter wheat (Triticum aestivum L.), oilseed rape (Brassica napus L.), winter wheat, and maize (Zea mays L.). White mustard (Brassica alba L.) was the cover crop between winter wheat and maize. The experimental design was a randomized complete block with three replications.
The plots (12 m × 35 m) were arranged in 2 ha fields and the four crops of the crop rotation were grown in parallel each year. The tillage treatments were conventional tillage (CT) and no tillage (NT). Throughout the crop rotation, all the crop residues were left in the fields. In the field trial, the small-scale spatial variability was evaluated on the wheat plots, which had a previous crop of maize. In CT, the soil was moldboard-plowed to a depth of 0.25 m and rototilled to a depth of 0.10 m just before sowing with a 'Rototiller' rotary harrow (Rau, Weilheim, Germany) drill combination ('BS V6' drill with disc openers, Nodet, Montereau, France). In NT, wheat was sown using a no-till planter with single-disc openers (John Deere 'NT 750 A', Deere and Co., Moline, IL, USA), directly into the dead mulch.
Before Because soil testing indicated large soil reserves, P and K fertilization was unnecessary during both growing seasons [34] . N was broadcast as ammonium nitrate (NH 4 NO 3 ) at a rate of 150 kg N ha −1 in both tillage systems. The total amount of fertilizer N was split into four applications: 60 kg N ha −1 at the 2-3 leaf stage (BBCH stage 12-13; BBCH coding system; Biologische Bundesanstalt Bundessortenamt und CHemische Industrie) and 30 kg N ha −1 at tillering (BBCH stage 21), at stem elongation (BBCH stage 31), and at heading (BBCH stage 51) [35] . Pest control was carried out according to the principles of the integrated pest management. Due to a low soil pH at Zollikofen, soil in these plots was limed with 'Granukal' (1.5 Mg CaCO 3 ha −1 ) in 1998, a year before this study began.
Field Measurements and Data Analysis
Within the CT and NT plots a nested-grid sampling design was established. During the vegetation period, leaf greenness was measured on the flag leaf of five randomly selected plants at every grid sampling point (regular nested grid with sampling intervals of 3 m and 1 m) by means of a Minolta SPAD-502 (leaf greenness-chlorophyll meter; Minolta, Plainfield, IL, USA) at different plant growth stages: flag leaf fully unrolled (BBCH stage 39), beginning of heading (BBCH stage 51), end of flowering (BBCH stage 69) and midway through fruit development (BBCH stage 75). The biomass and grain yield of winter wheat were determined at maturity (on 2 August 1999 and on 26 July 2000) on 1 m 2 around every grid sampling point. Grains and subsamples of straw were dried at 65 • C for 48 h. The dry grain and straw samples were ground and analyzed for total N content with a LECO CHN-1000 autoanalyzer (LECO Corporation, St. Joseph, MI, USA). Grain protein concentration was calculated by multiplying the grain N content by 5.7.
The spatial variability of total N (N tot ), total C (C tot ) and pH (H 2 O) was assessed by soil sampling two weeks after the harvest of winter wheat in a regular nested grid with sampling intervals of 3 and 1 m at 0-30 cm depth (15 cm increments) on a total of nine NT and nine CT plots. Each sample consisted of three soil cores, randomly collected by hand within a 10 cm radius of the sampling point using a Piirckhauer auger (Eijkelkamp, Giesbeek, The Netherlands). At every grid point, 1 m 2 of winter wheat was cut to record the spatial variability of biomass, grain yield, N uptake and grain protein concentration (Figure 1 ). Forty (in 1999) and forty-eight (in 2000) sampling points were determined within each plot on sections of 9 × 15 m (1999) and 9 × 18 m (2000), respectively. All the soil samples collected from the plots were immediately dried at 65 °C for 48 h and ground and analyzed for soil pH (H2O), total nitrogen (Ntot), and total carbon content (Ctot). Ntot and Ctot contents were determined with a LECO CHN-1000 auto-analyzer (LECO Corporation, St. Joseph, MI, USA). Soil pH was measured in a 1:2.5 suspension of soil and distilled water with a pH meter (Hanna HI 1295 Piccolo plus, Mettler Toledo 320-S pH meter; Mettler Toledo AG, Schwerzenbach, Switzerland) equipped with glass and reference electrodes.
Descriptive statistics were computed using the SYSTAT software [36] to obtain means, standard deviations (SD), coefficients of variation (CV), and minimum (Min) and maximum (Max.) values for selected soil chemical properties, and for grain yield and grain protein concentration of the wheat crop.
The theory of regionalized variables was used to investigate spatial variability of selected soil and plant properties [37] . A geostatistical and surface mapping software package was used [38] to analyze the spatial structure of the data, to define the semi-variograms, to estimate values of points on a grid spacing by point kriging and to create contour maps of the kriged estimates. The techniques for kriging and creating variograms are described by several authors [39, 40] .
Analyses of variance (ANOVA) were calculated with the factors "Environment" and "Tillage system", including three environments (Zollikofen 1999, Schafisheim 1999, and Schafisheim 2000) and two tillage systems (CT and NT). ANOVAs were performed for soil and crop properties and also All the soil samples collected from the plots were immediately dried at 65 • C for 48 h and ground and analyzed for soil pH (H 2 O), total nitrogen (N tot ), and total carbon content (C tot ). N tot and C tot contents were determined with a LECO CHN-1000 auto-analyzer (LECO Corporation, St. Joseph, MI, USA). Soil pH was measured in a 1:2.5 suspension of soil and distilled water with a pH meter (Hanna HI 1295 Piccolo plus, Mettler Toledo 320-S pH meter; Mettler Toledo AG, Schwerzenbach, Switzerland) equipped with glass and reference electrodes.
Analyses of variance (ANOVA) were calculated with the factors "Environment" and "Tillage system", including three environments (Zollikofen 1999, Schafisheim 1999, and Schafisheim 2000) and two tillage systems (CT and NT). ANOVAs were performed for soil and crop properties and also for the coefficients of variation and the geostatistical parameters of these properties. ANOVA and multiple comparisons using the Fisher's least-significant-difference test were performed with the general linear model (GLM) procedure of SYSTAT [36] .
Results
Spatial Variability of the Examined Soil Chemical Properties
Vertical Variability
The results are based on observations of all the plots in each tillage system. In the no-till system (NT) there was a clear decline of mean N tot and C tot content from the surface to the subsurface layer (Table 1) . A similar trend was also observed for C tot under conventional tillage (CT) but it was not as accentuated. The differences in the C tot and N tot contents between tillage systems were statistically significant at p < 0.05 (0-15 cm) and p < 0.01 (15-30 cm) ( Table 2 ). The absolute values of these parameters (Table 1) were lower in the 0-15 cm soil layer in CT than in NT, whereas the CT values of the same parameters exceeded those of NT in the 15-30 cm layer. With the exception of N tot in 1999 at Schafisheim under CT, the CV (%) and the analysis of C v revealed that the spatial variability of the N tot and C tot increased from the surface (0-15 cm) to the subsurface (15-30 cm) layer, in both tillage systems (Tables 1 and 3) . Table 1 . Descriptive statistics of total N content (N tot ) (g kg −1 ), total C content (C tot ) (g kg −1 ) and pH (H 2 O) at two soil depths in no-tillage (NT) and conventional-tillage (CT) plots in three environments. 1999, n = 120; 2000, n = 144. *, **, ***, Significant at the 0.05, 0.01 and 0.001 probability levels, respectively; NS, is no significant. Table 3 . Geostatistical parameters (ranges of influence (a) in (m), nugget variance (C 0 ), structural variance (C v ), index of spatial dependence (C/(C 0 + C)) in (%)) of grain yield and soil properties in no-till (NT) and conventionally tilled (CT) plots in two directions of the fields. X, in the across-row direction; Y, in the management direction (along-row); Means of 9 plots and 384 sampling points. 
Horizontal Variability
CVs between 7.1% and 22.9% indicate that the magnitude of overall variability in N tot and C tot was relatively small at both sites, Zollikofen and Schafisheim (Table 1) ; CVs for given traits were similar for both tillage systems.
On the other hand, an ANOVA of geostatistical parameters revealed differences in the structure of variance of these soil traits between CT and NT (Table 3 ). In the along-row direction (Y-direction) the ranges of influence of N tot were slightly but significantly (p < 0.05) larger in NT at both soil depths ( Table 3 ). The same tendency, which was not significant, was detected for C tot . In the across-row direction (X-direction), the ranges of small-scale variability, which were always shorter than in the along-row direction (Y-direction), revealed no differences between the tillage systems.
All examined soil chemical properties showed lower (significantly for pH) C 0 , particularly in the 0-15 cm layer in NT (Table 3 ). In the along-row direction (Y-management direction) C v of N tot , C tot and pH was larger (significantly only for pH) in the 0-15 cm layer in NT (Table 3) .
C/(C 0 + C) (%) for soil properties was mostly higher in NT at both directions of the fields (Table 3) . However, this trend was only significant in the management direction of the field (Y-direction) for N tot at 0-15 cm.
The minimum and maximum pH values varied from 4.8 to 6.8, which corresponds to CV values of 1.5 to 7.1 %, in the surface layer (0-15 cm) ( Table 1) . As indicated by the higher CV values in NT system, the soil pH was more variable in NT than in CT (p < 0.05).
Spatial Variability in Wheat Grain Yield, N Uptake and Leaf Greeness
Descriptive statistics including SD, CV (%), as well as minimum and maximum values for grain and biomass yields, ears m −2 , grain protein concentration, grain N uptake and above-ground plant N for the three environments are summarized in Table 4 . Grain yields were almost similar n NT and CT plots in each environment, but slightly greater in CT than in NT, while grain protein concentration, grain N uptake and above-ground plant N were significantly lower in NT than in CT (p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively, data not shown). Small-scale variability in grain and biomass yields, grain protein concentration, grain N uptake and above-ground plant N was always slightly greater in NT than in CT. However, there were no significant differences in the variability between the tillage systems, as revealed by an ANOVA of the coefficients of variation, apart from the variability in above-ground plant N uptake (p ≤ 0.05) (data not shown). The C 0 of grain yield was larger (not significantly) in NT ( Table 3) . The geostatistical parameters, C v and % C/(C 0 + C) for grain yield were similar between tillage systems ( Table 3) . As the plant density was lower (p ≤ 0.01) in NT than in CT the magnitude of variation in ears m −2 , one of the yield components of wheat was slightly smaller in NT compared to CT (Table 4 ). The other yield components, such as thousand kernel weight and number of grains per ear, were similar in NT and CT (data not shown).
The CVs of leaf greenness for NT and CT ranked from 4.7% at BBCH stage 39 (flag-leaf fully unrolled) and BBCH stage 69 (end of flowering) to 10.9 % at BBCH stage 75 (mid-way through fruit development) and were slightly higher in NT than in CT ( Table 5 ). The differences in the leaf greenness between NT and CT declined as growth proceeded to maturity. Across all plots, correlations between leaf greenness and grain yield or grain protein content were weak and their corresponding coefficients (r) were in a range of 0-0.14 or 0-0.36, respectively (data not shown). The highest correlations were found at BBCH stage 69 in NT plots. 
Spatial Relationships between Soil and Crop Parameters
Spatial relationships between soil properties and winter wheat parameters were weak. Among the nine replications with a total of 384 soil and plant samples from each tillage system, the Pearson correlation coefficient (r) between soil N tot and wheat grain yield varied from 0.00 to 0.46 in the 0-15 cm soil depth and from 0.00 to 0.32 in the 15-30 cm soil depth, respectively (data not shown).
Grain N uptake was sometimes weakly correlated to soil N tot with r values from 0.00 to 0.52 in the 0-15 cm soil layer and from 0.00 to 0.40 in the 15-30 cm layer (data not shown).
Correlations between soil N tot in the 0-15 cm soil layer and wheat grain yield or grain N uptake were more pronounced in the NT than in the CT, as shown in Figure 2 , illustrating this spatial relationship. The correlation coefficient between soil N tot (0-15 cm) and wheat grain yield in the presented example was 0.46 for NT and 0.04 for CT. The relationship (r) between soil N tot and grain N uptake was 0.52 for NT and 0.03 for CT. Comparing to N tot , much weaker correlations were showed between C tot or soil pH and grain yield and grain N uptake (data not shown). 
Discussion
Small-Scale Spatial Variability of Soil Chemical Properties as Affected by Tillage Systems
In our trials, the effects of tillage system on soil chemical properties were more distinct in the vertical (along-row, Y-management direction) than in the horizontal dimension (across the rows, X-direction). In CT, crop residues and fertilizers were incorporated into the soil, resulting in a mechanically mixed surface layer that differs from the relatively undisturbed surface soil in NT. After three to four years of CT and NT, N tot and C tot concentrations were higher in the top 15 cm of the soil in NT, suggesting that three years of transition to NT were clearly enough to develop a clear stratification of N tot and C tot in the soil profile compared with CT; similar findings were reported by McCarty et al. [41] . Accordingly, soil mixing and incorporation of surface residue in CT would reduce stratification, destroying soil macroaggregates and reducing SOM content [2, 42] .
Our results showed that the increase in the N tot and C tot concentrations in NT compared with CT in the soil layer from 0 to 15 cm was very site-dependent and varied from about 2 to 20 % for N tot and from 4 to 12 % for C tot . Corresponding increases in other studies are mostly apparent on average values in NT and CT, varying between 7 to 40% after mostly longer terms [41, 43, 44] . Because the average annual input of above-ground crop residues in NT and CT soil were similar, the differences in the SOM content can be attributed to differences in the accumulation and decomposition of SOM under both tillage regimes [42] . The content of SOM is especially increased by NT in the surface zone (0-5 cm) [45] , as this thin soil layer contains a greater amount of plant residues and roots [46] [47] [48] . Kaiser et al [49] concluded that the potential benefits of decreasing tillage intensity with respect to soil functions are closely related to organic matter dynamics that have to be evaluated separately for surface and sub-surface soils. The choice of tillage system can clearly have a large influence on the cycling of C and N, as decomposition of residues and SOM are accelerated by tillage [50] .
In our study, the spatial variability in the C tot and the N tot concentrations at small scales (3 × 3 m and 1 × 1 m) was similar in the top 15 cm of soil and from 15 to 30 cm in both NT and CT. Since the CT plots had been tilled for the last time 11 months before soil sampling, settling occurred in the soil profile and reduced the spatial variation. Mackie-Dawson et al. [51] found that, after a tillage operation, structural changes due to settling occur between planting and harvesting, especially near the soil surface, whereas, Kader et al. [52] found that tillage management (reduced tillage vs. CT) had limited influence on organic matter fractions in the surface layer of silt soils under cereal-root crop rotations in the Belgian loess belt. However, Perfect and Caron [53] identified a statistically significantly higher soil spatial variability (p < 0.05) in the contents of water and C tot in the upper 10 cm of soil in long-term NT compared to CT; possibly, their sampling time, which took place immediately after tillage operations in the CT plots contributed to the large difference between NT and CT. The differences in these studies suggest that it is important to consider the sampling time when comparing the tillage effects. In the experiments of Souza et al. [54] , there were higher CV values for NT than for CT and smaller ranges of spatial dependence for SOM in the top 20 cm of soil. These statistical parameters showed greater variability in SOM in NT than in CT. In contrast to the later studies [54] , the CV values of N tot and C tot (0-30 cm) were rather similar in NT and CT in our study. The range for these soil properties (N tot and C tot ) was similar or higher in NT than in CT. This is in agreement with Sainato et al. [55] , who found a slightly greater range in the soil chemical properties (oxidable carbon, N tot , and available phosphorus) of the NT plots compared with the CT plots.
In our study, the ranges of N tot and C tot were greater along the length of the rows, i.e., in the direction of traffic and mechanical operations, than across the rows. This is in agreement with Nakamoto et al. [17] who reported a larger range of soil pH and P along the length of the row than across the rows, and concluded that the soil properties varied more between the rows than within the rows due to the fact that farming operations are always done in the same direction of the field. The analyses of spatial patterns of N tot , C tot and pH in our study, revealed that the C 0 was usually lower in NT than in CT in both directions of the fields. In contrast, the C v of these soil parameters was stronger in the top soil layer of NT than CT but only in the management direction. The NT plots showed higher C v of N tot , C tot and pH in the management direction (Y-direction) than across the rows (X-direction), possibly due to the higher intrinsic spatial variability in the management direction. The CT plots showed greater C v of N tot and C tot across the rows (X-direction) than along the length of the rows (Y-direction), probably due to the overlapping of management operations and a stronger homogenization effect along the length of the rows. The same traffic direction of farming machinery for years may make soil properties more uniform in the direction along rows but may increase variability between rows [17] . Farming operations influenced the range and the structure of soil pH [56] . The greater spatial variability in the soil pH of our NT plots compared with the CT plots may be due to the liming of the plots in 1998 (a year before this study began) and subsequent mixing of the lime with the soil by plowing and disking in CT. In CT crop residues, lime and fertilizers are incorporated into the soil, resulting in a mechanically mixed surface soil layer, which differs from the relatively undisturbed surface soil in the NT system [45] . Using tillage to incorporate lime improves the rates of reaction and increases subsurface pH sooner than spreading lime on the surface alone [57] . Lime was essential for highest yields with both tillage systems but the yield increase due to surface applied lime in NT averaged 31.3%, compared to a 13.5% yield increase due to incorporated lime in the CT system [58] . However, this observation was not confirmed in our study since the spatial dependence of the plant parameters (including yield) was weak to moderate, suggesting only a small potential for the variable-rate application of N fertilizer and lime. For arable crops, actual yield responses to applications of lime, and mineral fertilizers (P, K, Mg) are rare and usually small. In most cases, these materials are applied in order to maintain long-term soil pH and nutrient status and subsequently, to prevent a gradual decline into a deficiency state [59] .
When there is a large heterogeneity of soil pH within a field, variation in the soil pH can be mapped and used as a basis for variable-rate lime application [59] . However, a number of researchers have inferred that soil pH and lime requirements are poorly correlated [60] [61] [62] . Although pH is used as an indicator of whether or not a soil should be limed, measurements of soil pH and the requirement for lime depend on different soil properties. Soil pH measures the activity of hydrogen ions in the soil, while the requirement for lime depends on the buffering capacity of the soil, its pH and the amount of exchangeable aluminium. Nevertheless, variable rate application of lime is often considered a correct point to start soil site-specific management, since pH is one of the most variable soil characteristics to manage and it affects the availability of plant nutrients [59] .
Small-Scale Spatial Variability in Wheat Yield and in Leaf Greenness as Affected by Tillage System
In our two-year study NT showed greater spatial variability in biomass and grain yield than CT whereas other studies [17] observed greater variability in wheat biomass in a conventionally tilled than in a minimum-tilled plot partly attributed to high variability across rows, possibly caused by the same traffic direction of farming operations for several years. In the 1999 growing season the plant populations in NT were less dense than in CT after winter due to severe hibernal climate conditions. This may explain the larger C 0 of grain yield in NT than in CT, probably due to greater micro-variance in NT at small scales less than 1 m. Poor seedbed conditions can lead to small plant populations in NT [63] . The main reason for the greater small-scale variability in grain yield in NT than in CT was the patchier plant distribution and reduced tiller density in NT compared with CT due to a severe and wet winter in the 1999 growing season. Reduced plant density of wheat (or other cereal crops) in NT compared with CT has often been reported in other studies too [64] , and the critical tiller density is much lower in NT than in CT [65] . The interaction of tillage system and soil type on crop yield varied depending on whether the growing season was wet or dry [66] . Simulated CVs for NT were smaller than for CT (0.82 vs. 0.94) under different weather scenarios, suggesting that there is a potential for reducing the variability in yield [63] .
There were no or weak correlations between leaf greenness and yield or grain protein concentration at harvest in both tillage systems at all the investigated growth stages. This might be because the small-scale variability in grain yield and grain protein concentration was too small to give higher correlations. However, with regard to grain yield and grain protein content, leaf greenness seemed to have a lower correlation with grain yield, which is consistent with the findings of Leake and Paulson [67] .
Spatial Relationships between Soil Properties and the Yield of Winter Wheat as Affected by Tillage Systems
Weak relationships between soil N tot , C tot or pH on the one hand and the grain yield of winter wheat on the other in both NT and in CT are probably due to the relatively high rate of N fertilization (150 kg N ha −1 ) and the small variability in soil pH after uniform applications of lime one year before the beginning of the study. Weak relationships are also due to similar experimental conditions and to the short-term nature of the experimentation. As a large supply of soil nutrients reduces the impact of other soil properties, and thus, lowers the spatial variability in crop yield [68] , our results are representative for fields with well -managed soils. Correlations between soil chemical properties and wheat yield were stronger in NT than in CT in our trials. Similarly, Souza et al. [54] reported a positive correlation between wheat yield and the contents of P, K and SOM under NT, but no spatial relationship with wheat yield under CT. Because of the crop rotation on the experimental plots in our study, small-scale variability of the soil chemical properties and the yield traits of winter wheat in 1999 and 2000 have been studied on different plots. Therefore, we cannot quantify the temporal stability of these spatial relationships in our study, i.e., the consistence of spatial patterns from year to year in the same plots. However, the temporal component of spatial variability should be taken into account in order to enable effective site-specific management decisions regarding fertilization, lime requirement, seeding rate and tillage [69] .
In further studies, with the goal of delineating management units within a field, the spatial variability of soil chemical properties and yield should be analyzed in the same area for several years. Translating information about the characteristics and properties of the soil across different spatial and temporal scales has become a major topic in soil science. To improve our knowledge about the temporal and spatial variability of soil and yield traits, future sampling studies must be done by means of nested grids at different spatial scales and at different times on the same plots or fields. The development of non-destructive real-time sensor systems is essential because the traditional, destructive collection of soil and plant samples in the field and subsequent laboratory analyses are time-consuming and labor-intensive.
Conclusions
Based on our results, the spatial variability of the crop parameters was consistently larger in NT than in CT on a loamy silt and a sandy loam soil. However, under the humid-temperate climatic conditions of our study and with a relatively high level of N fertilization, there was no statistically significant effect of the tillage system on the magnitude of variability of grain yield, grain N and protein concentration, and leaf greenness of winter wheat. Three years of transition to NT were enough to develop a clear stratification of N tot and C tot in the soil profile under NT compared with CT. The small-scale C v of N tot , C tot and pH in the top soil layer (0-15 cm) was slightly larger in NT than in CT but only in the management direction (Y-direction) of the field, possibly due to the management-induced variability in the previous decade. In the 15-30 cm soil layer, the small-scale distribution of N tot and C tot was as variable in NT as in CT, suggesting that the effects of short-term NT on spatial variability were not yet visible in this deeper soil layer. Although tillage modified the spatial relationship between the soil chemical properties (C tot , N tot , and pH) and the grain yield of winter wheat at small scales of 9 and 1 m 2 , there were almost no significant differences in the structure or the extent of spatial variability of soil chemical and yield traits between tillage systems at these scales. However, moderate nugget variances (Table 3) in soil chemical properties were usually higher in CT than in NT, suggesting that differences in spatial patterns between the tillage systems might occur at even smaller scales than those tested here.
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